This paper presents an experimental validation of a control strategy capable of both stabilizing and positioning the heavy electromagnets of future particle colliders. The originality of the approach is to use the same active mounts to perform both tasks, with a nanometer precision. In a previous paper, the concept has been studied numerically, and validated on a scaled single degree of freedom (d.o.f.) test bench. In this paper, it is extended to a two d.o.f. test bench, constituted of a heavy mass mounted on two active legs. Firstly, the model is described and the performances are discussed numerically. Secondly, experimental results are presented, and found to correlate well with the model, and comply with the requirements. Finally, the experimental results are combined with a simplified model of the beam-based feedback to evaluate the jitter of the beam. It is found that, at the scale of a single quadrupole, the mechanical stabilization of the quadrupoles reduces the vertical beam jitter by a factor 10.
Introduction
The objective of the future Compact LInear Collider (CLIC) currently under study [1] is to collide two beams of particles (electrons and positrons) at an energy of 0.5-3 TeV. It has been estimated that the required luminosity of 5:9 Â 10 34 cm À1 s
À1
implies that the beam should be stable at the nanometer scale [1] . To reach this challenging objective, the electromagnets (quadrupoles) used to focus the two beams have to fulfill a certain number of requirements. In Ref. [2] , an original concept has been introduced to fulfill all of these requirements using the same active support. It is based on the use of inclined active legs [3] [4] [5] , and an inertial reference. This allows to combine a good robustness to external forces and the capability to stabilize or move the quadrupole in both the vertical and the lateral directions. The strategy is also easily adaptable to the four different types of quadrupoles of the CLIC. The concept has been studied numerically, and validated on a scaled single degree of freedom (d.o.f.) test bench [2] . In this paper, it is extended to a two d.o.f. test bench, constituted of a heavy mass mounted on two active legs.
As announced in Ref. [2] , the objective of this second test bench is to address most of the issues in the control of the heaviest, slender CLIC quadrupoles. This paper presents the results of this new important milestone and is organized as follows. Section 2 presents in details the requirements for the supports and the design constraints. Section 3 presents the model of the test bench and the numerical results. Section 4 presents the experimental results. Section 5 evaluates, with a simple model, the effect of the mechanical stabilization on the jitter of the beam. Section 6 draws the conclusions.
Requirements
The quadrupoles have to be extremely stable. Let F x ðf Þ be the power spectral density of the vertical displacement of the quadrupole. It has been estimated that the integrated Root
Mean Square (RMS) s x ðf Þ, defined as About 80 of these quadrupoles should have the capability to move by steps of some tens of nanometers every 20 ms [7, 8] , with a precision of 71 nm, in the vertical and the lateral direction.
The size of the tunnel is very restricted, and the space available for the mounts should not exceed a height of 15 cm. The direct environment of the future CLIC collider is subjected to radiations and stray magnetic fields. In order to ensure a full compatibility with this environment, this requirement excludes the use of electromagnetic equipment (electromagnetic actuators and sensors using coils likes commercial seismometers).
The quadrupoles are pre-aligned by an alignment system that is located under the stabilization system. This pre-alignment is achieved with a micrometer precision. The stabilization system should be compatible with this alignment system, i.e. it should not alter the pre-alignment. This means that the stabilization system should be stiff, and that the displacements imposed by the alignment system should be precisely measured.
In operating conditions, the quadrupoles are also subjected to several types of disturbances, commonly referred to as technical noise: acoustic noise, cooling system, ventilation. The supports should accordingly ensure a sufficient robustness to the external forces generated by these disturbances.
The support should allow a temperature change of about 25 K during transients. Features should be implemented to protect the actuating system during transport and handling.
A priori, the first two requirements are conflicting [2] . The first one suggests to use a soft support, in order to benefit from the passive isolation at high frequency. The second one requires to mount the quadrupole on strong actuators, to allow a fast positioning at 50 Hz of the heavy mass, and also to ensure a sufficient robustness to technical noise. In order to comply with all of these requirements using a unique support, an original concept, based on inclined active legs, has been introduced. In this paper, it is applied to a test bench, presented in the next section.
Theoretical model of the test bench

Dynamics
The test bench is inspired from Refs. [9, 10] . However, it is designed to be modular, in order to be able to address a certain number of difficulties including: the stabilization in both vertical and lateral direction, the nano-positioning in both vertical and lateral direction, mounting, jointure and guide design.
It is constituted of a compact mass of m ¼100 kg, supported on one side by two passive mounts and on the other side by two active mounts. A simplified three-dimensional sketch is shown in Fig. 1 . In the hypothesis of small displacements, the two passive supports work as a guide to leave only two d.o.f. on the active side (vertical and lateral). Each active mount is composed of a piezoelectric stack actuator, mounted with two flexible joints to avoid backlash and friction. Assuming for simplicity that the rotation of the mass is perfectly blocked by the two passive mounts, the test bench can be approximated by the two d.o.f. model shown in Fig. 1(a) .
Under this assumption, the dynamics of the system is governed by
where x¼(y,x) T is a vector containing the lateral and vertical displacements of the mass, M¼diag(m,m) is the mass matrix and
T is the vector of forces applied by the legs on the mass, expressed in the coordinates of the mass. Ignoring for simplicity the bending stiffness of the joints, F is related to the vector f¼(f 1 ,f 2 )
T of axial forces in each leg by
where B is the force Jacobian matrix. Assuming that there is no damping in the legs, f i is given by
where k a is the axial stiffness of the leg, taken as 300 mN/m, q i and w l i , are, respectively the displacement of the quadrupole and the ground in the direction of the leg. D i is the elongation of the leg i due to a voltage V i applied to the piezoelectric stack actuator, and
where nd 33 is a characteristic of the actuator and i¼ {1,2}. Replacing Eqs. (3) and (4) in Eq. (2) gives
where K ¼k a BB T is the stiffness matrix, w and w l are the ground excitation vector and the ground excitation vector in the directions of the legs, and E is the excitation matrix projecting w in the directions of the legs. u ¼(u 1 ,u 2 ) T is the vector of control forces,
Using the virtual work principle, it can be shown (see Ref. [2] ) that the Jacobian matrix, J, relating the elongations velocities of 
where b is the inclination of the legs with respect to the vertical, and the other matrices are
Stabilization
The general idea applied to stabilize the quadrupole is based on the measurement of the relative displacement between the quadrupole and an inertial reference. The reference can be either on the quadrupole [11, 12] or on the ground [13] [14] [15] [16] . For simplicity, the first option has been adopted in this work, and a seismometer has been used for the inertial reference. In the configuration described in Fig. 1(b) , a seismometer is mounted on the quadrupole above the legs, and used as inertial reference.
T be the vector of the measured displacements of the quadrupole, used in a local feedback loop. The forces exerted by the actuators on the quadrupoles u¼(u 1 ,u 2 ) T are given by
where H(s) is the compensator and b is the inclination angle of the leg with respect to the vertical direction. The compensator includes the sensor dynamics, and can be a scalar or a vector, depending on the control objective in the vertical and the lateral direction.
The controller consists of a second order Butterworth high pass filter at 0.5 Hz, a first order low pass filter at 1 Hz to integrate the signals measured by the seismometer, and a double lead at 30 Hz to improve the stability of the feedback loop. The same compensator is applied in the vertical and the lateral direction, and used to command the actuators after multiplication by the Jacobian matrix. 
Nano-positioning
Besides isolation, the supports of the quadrupoles should also provide some positioning capability to perform an adaptive repositioning of the main beam quadrupoles. In order to evaluate the capability to fulfill this requirement, the following experiment has been performed. First, the ground vibrations in the LHC tunnel, in both the vertical and the lateral direction, have been recorded synchronously by two seismometers, placed 108 m apart (details on the measurements can be found in Ref. [17] ).
Then, the difference of the signals from the two seismometers has been integrated and sampled at 50 Hz, corresponding to the CLIC repetition rate of the pules. The resulting time histories (with coordinates (r y (t) and r x (t) in Fig. 3(a) )) represent a typical signal measured by the Beam Position Monitors (BPM), mounted on the quadrupoles, assuming that they are directly fixed on the ground. Then, these histories are used as a target to follow by one quadrupole, in order to remain perfectly aligned with another one placed 108 m apart, as shown in Fig. 3(b) . In this case, the systems works in open loop. Fig. 3(a) shows that the system can follow the requested signal in both directions. The tracking capability is better in the vertical direction, because of the orientation of the legs. 
Experiments
The picture shown in Fig. 1(b) is a front view of the test bench, showing the compact mass mounted on the two active legs. These legs are basically constituted of high voltage piezoelectric stack actuators P-225.10 from Ref. [18] , mounted with custom built flexible joints at both ends. One end is fixed on the mass, the other end is fixed on a straightened aluminum frame. The vibrations are measured with two seismometers CMG-6T from Ref. [19] , one on the frame and one on the mass. Both of them measure the velocity in the vertical direction and the horizontal direction (perpendicular to the main axis of the mass). The real time digital control system is using a card PXI-6289 from Ref. [20] .
The test bench is placed in a tunnel (ISR-I8) where the amplitude of the ground motion is similar to the values measured in the LHC tunnel. Day and night variations allow to study the test bench with a background varying between 2 and 7 nm vertical integrated RMS at 1 Hz. The two following sections present, respectively, the stabilization and nano-positioning experimental performances of the test bench in this environment.
Stabilization
Figs. 2(a) and (b) show the measured transmissibility between the ground and the mass, respectively, in the lateral and vertical direction. These results show that the feedback operation reduces the transmitted seismic vibrations by a factor 2 in the lateral direction, and by a factor of nearly 10 in the vertical direction. Fig. 4 shows the corresponding integrated RMS vertical displacement of the top seismometer for two experiments, one performed during the day and one performed during the night. During the day, at 1 Hz, one sees that the feedback control has reduced s x ðf Þ from 5.7 to 2.1 nm, i.e. a reduction by a factor 2.5. During the night, when the ground motion is even lower, s x is reduced from 2 to 0.9 nm at 1 Hz, and 0.7 nm at 4 Hz.
Nano-positioning
In order to test the nano-positioning capability of the test bench, two time histories have been used to command the two actuators. The corresponding measured displacements of the mass y m (t) and x m (t) have been measured by a capacitive gauge, and are shown in Fig. 5(a) . Fig. 5(b) shows the corresponding estimated trajectory of the mass (y e ,x e ), calculated from the Comparing with Fig. 5(b) , one sees that the mass follows pretty well the motion requested by the actuators, with a precision of 72 nm.
In the next section, the effect of the mechanical stabilization of the quadrupole on the beam jitter is evaluated using only one quadrupole, and an extremely simple model of the beam-based feedback.
Effect of the quadrupole stability on the beam jitter
At the scale of a single quadrupole, if b(n) is the position of the pulse passing through the quadrupole at time n and x(n) is the vertical position of the quadrupole, we have
where k(n) is the corrector kick. A simple beam-based feedback system corrects the position of each pulse by subtracting the value measured at the previous one, i.e.
where g p is the gain and b(n À 1) is the position of the previous pulse measured by the Beam Position Monitor (BPM) mounted on the quadrupole. Using the Z-transform, the transfer function T B (z) between the quadrupole and the beam can be expressed as
where B(z) and X(z) are the Z-transform of b(n) and x(n). For a whole lattice of quadrupoles, this first order controller is sufficient to compensate for low frequency seismic excitations, because the spatial correlation of low frequency micro-seismic waves is excellent over several kilometers. However, at the scale of a single quadrupole, a more aggressive compensation is required at low frequency. In Ref. [21] , a second order controller is given by
where g i , g d and g d2 are the gains of the controller. , respectively, with T B (f) for the set of parameters: g d2 ¼1; g p ¼0.5; g i ¼1; g d ¼ 0.5. Then, the transfer function between the ground and the beam is simply obtained by multiplying T B (f) and T S (f). The results are shown in Fig. 6(a) and (b) for the lateral and vertical directions.
Then, the power spectral density of the beam jitter is given by
where F w ðf Þ is the power spectral density of the ground motion and T S ðjoÞ is the frequency transfer function from the ground to the quadrupole. To evaluate the effect of the mechanical stabilization of the quadrupole on the beam jitter, we will assume that, when no stabilization is considered, the quadrupoles are rigidly bolted on the ground. In this case, Eq. (15) In both cases, the RMS value of the beam motion,
The ground motion model used to evaluate F w ðoÞ is briefly explained hereafter. A general expression of the ground motion model is given in Ref. [22] by a two-dimensional power spectral density Pðo,kÞ, defined as [17] .
As this model underestimates the effect of the technical noise, a simple model to take it into account has been proposed in Ref. [17] , 
Conclusions
In this paper, it has been shown that the same active mounts can be used to support the quadrupoles of future particle colliders, and comply with all the requirements. The concept has been validated experimentally on a test bench consisting of a heavy mass mounted on two active legs. Using a control law based on the measurement of the relative displacement between the mass and an inertial reference, it has been shown that, in the frequency range between 1 and 20 Hz, the active mounts reduce the transmission of the ground vibration by a factor 10 in the vertical direction, and by a factor 2 in the lateral direction. During the day, at 1 Hz, s x ðf Þ is reduced from 5.7 to 2.1 nm, i.e. a reduction by a factor 2.5. During the night, when the ground motion is even lower, s x is reduced from 2 to 0.9 nm, at 1 Hz, i.e.
below the requested value of 1.5 nm. Then, in open loop configuration, it has been shown that the active mounts can also provide the requested positioning capability in both vertical and lateral directions. Finally, the effect of the mechanical stabilization of the quadrupole on the beam jitter has been investigated. Using a simple model for the beam-based feedback, it has been estimated that the stabilization reduces the beam jitter by a factor 10. In other words, the stabilization relaxes the acceptable level of technical noise by a factor 10.
In a future work, the strategy to support the quadrupole will be extended to a six d.o.f. slender and heavy electromagnet of 400 kg. This involves to design a guide to remove the spurious d.o.f., to take the flexibility of the quadrupole into account, and to extend of the controller. Better results are also expected from a more adapted sensor.
